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Abstract 
The purpose of this study was to investigate the efficacy of UV-C treatment with the Dean Vortex technology to inactivate the 
presence of Salmonella typhimurium TISTR 292 in pineapple juice at three different frequencies (30, 35 and 40 Hz). The 
increasing of pump frequency was resulted an increasing of flow rates. The UV dosage was measured for 30, 35 and 40 Hz which 
are 13.75, 10.37 and 10.10 mJ/cm2, respectively. The microbial counts of Salmonella typhimurium decreased with increasing 
UV-C dosage. Highest microbial reduction was achieved at pump frequency of 30 Hz (dosage 13.75 mJ/cm2) with reduction of 5-
log10 CFU/ml.  
 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under the responsibility of the Scientific Committee of CAFEi2014. 
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1. Introduction 
Ultraviolet (UV) pasteurization is a non-thermal technology, which has been used as an alternative to inactivate 
hazardous microorganisms and can help to minimize the changes of colour, flavor and nutritional value of fruit juice 
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 (Noci et al., 2008). Thermal pasteurization was known to be the best technique for baverages treatment; 
unfortunately, this thermal treatment may cause changes of flavor and nutritional content in juice (Koutchma et al., 
2004; Shamsudin et al., 2014). The wavelength of ultraviolet (UV) treatment varies between 100-400 nm, whereas 
UV-C falls in the range of 200-280 nm. The UV-C is able to inhibit the growth of microorganisms such as bacteria, 
algae, protozoa, yeasts and moulds by disrupting their DNA replication (Bintsis et al., 2000; Muller et al., 2011). 
According to Bintsis et al. (2000), UV-C can reduce 99.999% of microorganisms in drinking water with treatment 
time of less than 1 minute. The wavelength of 254 nm was being the most effective in terms of germicidal effects 
because at this specific wavelength, the photons are best absorbed by DNA (Muller et al., 2011). 
In 2000, the United States Food, Drug and Administration (USFDA) has approved UV light as an alternative 
treatment for pasteurization of fruit juice. The Food, Drug and Administration (FDA) stated that the fruit and 
vegetable juice processing must achieve at least a 5-log10 reduction in microorganisms and pathogena after treatment 
with UV light (Koutchma, 2008). FDA also has concluded that the permitted dosage for individual usage should 
comply with good manufacturing practice.  
Application of UV-C light in decontamination of drinking water was successfully conducted (Guerrero-Beltran 
and Barbosa-Canovas, 2004), but there is limited research that focuses on fruit juices. The most limiting factor for 
the effectiveness of UV-C treatment of fruit juice is associated with the presence of solutes and particles inside the 
juice, which in turn, often results in the lack of UV-C penetration (Muller et al., 2011). Based on the Lambert-Beer 
Law, the absorption of UV light was depended on the wavelength and the concentration of the absorbing substance. 
Therefore, for cloudy juices with low UV penetration depth, ‘Dean Vortex’ or secondary eddy flow effect were 
introduced based on liquid which flows in a coiled tube. Thus, all fluid elements inside the tube can be fully treated 
with UV light. This ‘Dean Vortex’ technology could obtain homogenous UV-treatment solution with minimum 
product changes and maximum reduction in microorganisms (Franz et al., 2009).  
Fluid turbulence is one of the factors influencing the efficiency of UV light disinfection (Koutchma et al., 2004; 
Bandla et al., 2012). The turbulent flow of the juice will increase the inactivation of microorganisms in fruit juices. 
The turbulent flow of juice created by Dean Vortex was calculated based on Reynolds number (Re). The laminar 
flow occurs when Re < 2100 and, turbulent flow at Re > 4000. 
ܴ݁ ൌ ߩݒܦߤ  (1) 
where, Re is the Reynolds number, ρ is the density of  the fluid, μ is the dynamic viscosity of the fluid, υ is the flow 
velocity and D is the diameter of coiled tube that the fluid flowed through. 
 The Dean number (De) is a similarity parameter governing the fluid motion in coiled tube flow.  
ܦ݁ ൌ ܴ݁ඨܦܦ௖ 
 
(2) 
where D is the tube diameter, Dc is the coil diameter and Re is the tube’s Reynolds number. According to Dean 
(1927), the secondary flow or called the Dean flow occurred when the ratio of (D/Dc) in Eq. (2) is within 0.03 < 
D/Dc < 0.1. This secondary flow gave mixing effect to the liquid food and better exposure to the UV-C in the reactor 
(Franz et al., 2009). 
The objective of this study was to determine the effectiveness of ultraviolet, UV-C treatment using the Dean 
vortex technology for the inactivation of Salmonella typhimurium (TISTR) 292 in pineapple juice at three different 
frequency of pump which were 30, 35 and 40 Hz. The use of Salmonella typhimurium as a target microorganism 
because Salmonella typhimurium had an ability to adapt at low pH of juice where their characteristics is a 
chemoorganotrophic and non-fastidious microorganisms (Diana et al., 2012). Therefore, proper pasteurization must 
do to avoid the risk of salmonellosis.  
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2. Materials and methods 
2.1. Preparation of juice 
 
Commercially mature MD2 variety pineapple fruits were purchased from a commercial farm in Selangor, 
Malaysia. The fruits were washed, peeled and cut into cube shape. Then, the fruit was pressed mechanically using a 
juice extractor (CL-003AP, Jack Lalanne, Taiwan) and filtered using a 500 micron aperture stainless steel sieve 
screen (BS410-1, ALPHA, England). The extracted juice was then pumped through the ultraviolet reactor.  
 
2.2. Ultraviolet treatment 
 
An Ultraviolet reactor (PI201203186) that was designed based on the Dean vortex technology was used in this 
study as shown in Fig. 1. The two low- pressure ultraviolet (UV-C) lamps (Philips, Malaysia) with power of 55 Watt 
and size (28 mm diameter and 915 mm in length) were arranged vertically with each other. One UV lamp enclosed 
with quartz glass sleeve and was coiled with polyfluoroalcoxy (PFA) transparent tubing (3.18 mm OD and 1.65 mm 
ID) (Fig. 2). The second UV lamp was located next to the coiled lamp to provide extra UV radiation to the pineapple 
juice. The juice was pumped from the feed tank using a rotary lobe pump (S2, Jabsco, England) and flowed inside 
the PFA tubing. The PFA tubing that was coiled around the UV light which it was designed based on the Dean 
Vortex Technology to create the secondary flow inside the tube. This process would create the mixing effect and 
extra resident time in order for the pineapple juice to pasteurize (Muller, et al., 2011). The UV reactor was wrapped 
with aluminum foil for safety measured (Bandla et al., 2012). The frequency of the pump was set to 30, 35 and 40 
Hz to adjust the flow rate of the juice. The UV-C dose was calculated using Eq. (3) (Chia et al., 2012; Bandla et al., 
2012) by multiplying the residence time with the irradiance intensity at pineapple juice surface,  that was measured 
using UV radiometer (UVX Radiometer, UVP Company, US). 
 
 െ ሺȀଶሻ ൌ ሺȀଶሻሺሻ              (3) 
 
where, irradiance intensity is the intensity of incident UV-C light on the surface of treated juice. 
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Fig. 1. Proses flow diagram of Ultraviolet experimental setup. 
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Fig. 2. Cross section of coiled lamp. 
 
2.3. Cleaning of UV reactor 
 
The reactor was cleaned using standard ‘Cleaning-in-Place’ (CIP) procedures. The UV reactor was rinsed with 
warm water (50 °C) for 10 minutes. After that it was further rinsed with the alkaline (1.0%) solution circulated for 
15 minutes. Then, the device was washed and rinsed with sterile distilled water for 15 minutes to make sure the UV 
reactor was completely sanitized (Keyser et al., 2008). 
 
2.4. UV inactivation of microorganisms in fruit juice 
 
Stock culture of Salmonella typhimurium (TISTR 292) was obtained from Thailand Institute of Scientific and 
Technological Research (TISTR), Thailand. Working cultures of Salmonella typhimurium were streaked onto 
Tryptic Soy Agar (TSA, Difco, USA) and was incubated at 37°C for 24 hours and stored at 4°C. Strain of 
Salmonella typhimurium was cultured in 5 ml Tryptic Soy Broth (TSB, Difco, USA) and incubated at 37°C for 24 
hours. The number of bacteria was determined using McFarland standard (Chapin and Lauderdale, 2003) with 
corresponding values of approximately 108 - 109 CFU/ml before it was centrifuged at 3000 rpm for 2 minutes. 1 ml 
of homogenized culture was transferred from broth to 100 mL of pineapple juice and it underwent UV treatment. 
The inoculated juice was treated with UV-C light at different settings for UV-C treatment. The initial counts (before 
UV-C treatment) were determined and samples were taken after treated with 3 different frequencies. The microbial 
counts were determined by undergoing tenfold dilution series and plated out on Xylose lysine desoxycholate (XLD, 
UV-C lamp 
Quartz glass sleeve 
PFA tube 
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Difco) agar. The agar was incubated at 37 °C for 24 hours to detect the presence of Salmonella typhimurium in the 
juice. All microbial counts were done in triplicate and the mean of triplicate determinations were calculated. 
3. Results and discussion 
The Reynolds number (Re) and Dean number (De) at three specific flow rates was shown in Table 1. The 
increasing of pump frequency resulted in increasing of flow rates, numbers of Dean and Reynolds. The Reynolds 
number of these flow rates; 0.0078, 0.1022 and 0.1210 l/min, ranged between 396 to 610. This indicated that the 
flow inside the PFA tubing was in laminar flow (Re < 2100). The same trend in increments of Reynolds number was 
obtained by Bandla et al., (2012) whereby the range of  Re obtained was between 349 to 1376 and thus,  indicated 
the laminar flow.  
Moreover, the UV-C dosage at frequency 30, 35 and 40 Hz was 13.75, 10.37 and 10.1 mJ/cm2, respectively. The 
increase of frequency gave lower residence time for the pineapple juice inside the tube (Table 1). This showed that 
the residence time decreases as the flow rate increases, thus, giving a less probability of exposure time of the juice to 
the UV-C light (Guerrero-Beltran and Barbosa-Canovas, 2005). The Dean number of the reactor also had an 
increasing pattern with 77, 100 and 119 for flow rates of 0.0078, 0.1022 and 0.1210 l/min, respectively. The similar 
results were obtained by Muller et al. (2011) which showed the same trend of increasing Dean number with 
increasing flow rates of the UV reactor. The Dean number indicated that a secondary flow field had developed 
inside the coiled PFA tubing. This flow had occurred due to the centrifugal forces acting on the pineapple juice 
within the PFA tubing (Koutchama et al., 2009). 
 
Table 1. Summary of Reynolds number (Re), Dean number (De) and UV-C dosage at different flow rates and frequencies. 
Frequency  
(Hz) 
Flow rate  
(L/min) 
Residence time 
(s) 
UV-C dosage 
(mJ/cm2) 
Re De 
30 0.0078 23.36±0.6 13.75±1.5 396±10.4 77±2.0 
35 0.1022 17.98±1.2 10.37±0.8 515±9.8 100±6.8 
40 0.1210 15.14±0.5 10.10±0.7 610±15.4 119±3.9 
 
In non-thermal processing, the microorganisms play an important role to determine the quality of juice product 
(Caminiti et al., 2011). Thus, the UV-C dose of UV reactor must able to achieve at least a 5-log10 reduction of 
microorganisms (Food and Drug Administration (FDA), 1998; Koutchama et al., 2009). There are several 
researchers that reported reduction of 5-log10 CFU/ml of microorganisms in fruit juices such as pineapple juice, 
apple juice and guava juice using UV-C treatment. (Chia et al., 2012; Guerrero-Beltrán and Barbosa-Cánovas, 2004; 
Keyser et al., 2008). 
The efficiency of UV-C radiation to inactivate Salmonella typhimurium (TISTR 292) in pineapple juice was 
portrayed in Fig. 3. The average initial counts of S. typhimurium were 1 x 107 CFU/ml (Fig. 3). At the lowest UV-C 
dosage of 10.10 mJ/cm2, microbial counts of 3.11 log10 CFU/ml was obtained which indicated a 3.89 log10 reduction 
of Salmonella typhimurium in pineapple juice. For dosage of 10.37 mJ/cm2 UV-C exposures, a 3.99 log10 reduction 
was obtained and followed by a 5-log10 reduction after exposures of a higher dosage of 13.75 mJ/cm2. This showed 
that UV-C dosage of 13.75 mJ/cm2 was sufficient to inactivate S. typhimurium and at the same time, achieved 
required FDA standards for UV-C juice treatments. Similar results were achieved by Fredicks et al. (2011) which 
showed a 5.38-log10 reduction of Saccharomyces cerevisiae in grape juice at a dosage of 13.77 mJ/cm2. According 
to American Air and Water Incorporation (2014), the range of UV-C radiation dosage to kill 90-99% of S. 
typhimurium are around 8 - 15.2 mJ/cm2. Therefore, the 13.75 mJ/cm2 was an acceptable dosage to inactivate S. 
typhimurium in pineapple juice. 
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**AI: After Innoculation 
 
Fig. 3. The average log10 count of S. typhimurium TISTR 292 in Pineapple fruit juice after exposure to various UV-C dosages. 
4. Conclusions 
 
In conclusion, UV-C radiation with additional Dean Vortex technology was effective in inactivating S. 
typhimurium in the pineapple fruit juice. Flow rate of 0.0078 l/min (frequency 30 Hz) with UV-C dosage of 13.75 
mJ/cm2 was able to reduce 5 log10 CFU/ml of S. typhimurium in juice and achieved the required FDA standards. 
Therefore, UV-C radiation showed promising alternative technology to inactivate spoilage and microorganisms 
inside fruit juices. 
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